A study has been made of the optical and magneto-optical properties of several Co/Pt and CoNi/Pt multilayered films that were fabricated by magnetron sputter deposition. Spectroscopic rotating analyzer ellipsometry and Kerr polarimetry were carried out to determine the fundamental optical and magneto-optical constants over the spectral range 320-860 nm. The constants determined were the complex refractive index and the first-order magneto-optic Voigt parameter. A total of seven films were examined and excellent reproducibility was observed in the measured material constants. These have been used to discuss the spectral dependence of the figure-of-merit, for each material, associated with the detection of the polar Kerr effect.
Introduction
There is currently great interest in the magnetic and magneto-optical properties of multilayered media [1, 2] because of their many potential commercial applications. Their properties are also of fundamental interest since the materials often exhibit new physical characteristics not observed in the bulk materials. In this paper we present a comparative study of the optical and magneto-optical properties of Co/Pt and CoNi/Pt thin films whose main applications are related to the magneto-optic information storage in-and magneto-optical constants. These constants are the complex refractive index (fi = n + i k) [3] and the magneto-optic Voigt parameter (Q = Q I + i Q2) [4] . Together, these quantities form the complete permittivity tensor [4] that fully describes the optical and first-order magneto-optical properties of the medium. Moreover, in the correct combination these constants form a reliable figure-of-merit, that is a true material constant and which allows one to compare and judge absolutely the potential of the medium for magnetooptic readout. From this point of view alone, the determination of these constants is of great importance.
In addition however, these parameters are also crucially important from the point of view of exploiting the full potential of the medium. Usually this can only be done by incorporating a thin film of the medium in an optical environment such as a trilayer [5] or quadrilayer [6] structure. In order to design such structures it is necessary to have reliable values for the basic constants ~ and (~ for without these, correct layer thicknesses cannot deduced. It should also be mentioned that these parameters may, in principle, be related to the electronic transitions within the material that give rise to the observed macroscopic optical and magneto-optical properties. From this point of view their determination is of considerable benefit to the spectroscopist and theoretical modeller of magneto-optic media.
Here we present the results of an ellipsometric determination of the fundamental constants of several Co/Pt and CoNi/Pt multilayers prepared by dc magnetron sputtering. The fundamental constants are used to compare the potential of each medium for magneto-optic readout through a properly formed figure-of-merit and the results are contrasted with expectations based on the more usual use of the parameter ]0k [V~-.
Experimental

Preparation of multilayers
Co/Pt
The Co/Pt samples, deposited on glass substrates, were fabricated in a UHV-compatible vacuum system using balanced d.c. magnetron sputtering. The sputtering gas was Ar at 3 mTorr and the base pressure of the system was < 2 × 10 .7 Torr. The deposition rates of the Co and Pt were ~ 0.6 and 1.14 A/s respectively in a PC controlled deposition sequence.
CoNi / Pt
CoNi/Pt multilayers were prepared on Si(100) substrates using a magnetron sputtering system at a constant Ar pressure of 12 mTorr. The individual layer thickness dcoNi and dpt were estimated from the product of the deposition time and deposition rate and confirmed by low and high angle XRD measurements. The composition of the CoNi layer (50/50 at%) was determined by measuring a thick deposited CoNi layer using EDX. All multilayers were prepared on a Pt buffer layer.
Optical and magneto-optical measurements
The real and imaginary parts of the refractive index were determined over the wavelength range 320-860 nm using an automatic rotating analyzer spectroscopic ellipsometer. All measurements were made at an angle of incidence of 70 ° at the air film interface. Inversion of the ellipsometric functions, to obtain h, was carded out taking into account the magnetic film thickness, substrate type and, in the case of the CoNi/Pt, the presence of the Pt buffer layer. In most cases the magnetic layers were sufficiently thick compared with the optical skin depth (~ 20 nm) that these factors had little influence on the computed values of n and k. Only for sample, CoNi/Pt-F43, was film thickness a significant parameter and since this was taken into consideration for the evaluation of n and k, the resulting data is no different than that obtained for thicker films.
Measurements of the Kerr rotation and associated ellipticity were determined at near normal incidence (< 3 °) using a Kerr polarimeter identical in operating principle to the ellipsometer. This instrument also incorporates an electromagnet capable of producing magnetic fields in excess of 1.5 T in order to switch films in the polar orientation. Both the ellipsometer and the Kerr polarimeter are automatic and PC driven. Combining the optical and the polar complex Kerr data the magneto-optic parameter Q is determined directly making use of the 4 × 4 [7] matrix approach for calculating the magneto-optical effects and again taking into account finite film thicknesses, buffer layers and the optical properties of the substrate. The sign convention for the Kerr rotation measurements and the magneto-optic parameter is the preferred scheme described in detail elsewhere [8] . The physical data corresponding to the films and associated magnetic properties is summarized in Table 1 . All films showed low angle X-ray diffraction peaks associated with the periodicity of the multilayer structure. Examples of these, determined at Queen's University, are shown in Fig. 1 . From the positions of these peaks the period of each sample was determined and is seen to compare well with the intended values determined from the thicknesses of the Co (or CoNi) (dco) and Pt (dpt) sub-layers. It should be noted that the total film thickness given in Table 1 is designed thickness and includes all the layers in a particular sample, including any buffer layer.
Results
Structure and magnetic properties
Hysteresis loops of all the samples were determined by an M.O. loop plotter and in the case of the CoNi/Pt films additionally by VSM. Typical loops are illustrated in have good squareness compared with the " Co/Pt, though the latter also becomes square for films having dco < 0.5 nm and fewer than, 20 bilayer periods would be observed in Co/Pt systems prepared under similar conditions. Here, the canting of the Co/Pt loops is also exaggerated by the relatively large ~ 4 number of bilayers included in the film compared with the corresponding CoNi/Pt film in Fig. 2 .
~, 3 The coercivity of the CoNi/Pt is about a factor of E o_ two greater than that of the Co/Pt. This fact is also 8 2 reflected m the fields required to saturate the films, typically 1 kOe for the Co/Pt and 1.4 kOe for the 1 L 301 CoNi/Pt. It is also worth noting that the magnetisation of the Co/Pt samples is about one-and-a-half times larger than that of the CoNi/Pt. Increased (b) 6 coercivity and anisotropy field would also result for Co/Pt from 'tailored' deposition conditions using, L. 1.0 for instance, increased Ar pressure and the presence of an underlayer.
Optical and magneto-optical measurements
The dispersion of the complex refractive indices of the two sets of films are shown in Fig. 3 . It is quite clear that there is very little variation in the values of these constants between different samples of a given type. In addition, there is little difference between the two types of material. This is not surprising since the optical constants of Co and Pt are not too dissimilar. Consequently, one would not expect a very strong dependence of n and k on the ratio of the sub-layer thicknesses of the films. Nevertheless, the consistency in the values is encouraging and is a useful indicator as to the reproducibility of the film properties. It is worth noting that the ratio k/n shows little variation over the spectral region of interest being approximately equal to two. This is an important point in relation to the figure-of-merit that will be discussed later.
In Fig. 4 we show the complex polar Kerr rotations for each sample. It is clear that there is excellent agreement between films in the case of the Co/Pt and this strongly suggests good control over the sputter deposition parameters. In the case of the CoNi/Pt films it appears, at first sight, that there are significant variations in the properties of the medium. However, the differences between the samples merely reflects the differing film thicknesses. In particular, sample CoNi/Pt F43 is much thinner (26.9 nm) than the rest of the films of this type and consequently the Kerr rotations are influenced by the Pt buffer layer and the interference effects in the film itself.
This point is illustrated quite clearly in Fig. 5 , where we see the real and imaginary parts of the complex magneto-optic parameter. There is no significant variation in the real and imaginary values of Q between films, either for the Co/Pt, or the CoNi/Pt samples. This, of course, :is as it should be since we do not expect to see any thickness dependence of a material constant. There is, of course a significant difference between the Q-values for the two different media and this is to be expected since both the presence of the Ni and the different: ratios of sub-layer thicknesses will influence the magnetooptical properties of the two media. In addition, the reduced magnetisation of the CoNi/Pt, compared with the Co/Pt, will influence the magnitude of magneto-optic effect. Nevertheless, the consistency of the magneto-optic parameter is very good for each particular set and confirms the reproducibility of both fabrication techniques. In order to provide a usable record of the optical and magnet-optical constants of these two materials we provide a numerical listing of the dispersion for and Q in Table 2 . The results shown in this table 136 
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Discussion and figure-of-merit
The value of the availability of the optical and magneto-optical constants of these materia]Ls may now be appreciated by using them to consider and compare the potential of Co/Pt and CoNi/Pt for magneto-optic readout using differential detection of the Kerr effect [10] . As already pointed out, this is often done in terms of the parameter O k v/R. In this case however, we use ]0k[VrR -which implies best performance after external phase compensation for the removal of the Kerr ellipticity. It is a simple matter to compute this parameter using the data given in Table 2 . This has been done and the results are shown in Fig. 6 . The conclusion from these curves is that these particular Co/Pt films would produce greater magneto-optic signals than would the CoNi/Pt and that the performance would improve significantly, for both media, towards the shorter wavelengths.. This is the usual conclusion for this type of material, using films of semi-infinite thickness with measurements at the air/film interface. However, the most reliable figure-of-merit that should be used in this situation is given by [11] F.O.M. = IQ[( F +/-,-1)/4, where F= k/n.
(1)
Briefly, this F.O.M. is a material constant and is a measure of how well a medium will perform magneto-optically, after it has been incorporated in a trilayer or quadrilayer system to optimize the polar Kerr effect at normal incidence. This parameter has also been computed and is shown in Fig. 7 . Again the best performance is exhibited by the Co/Pt material. However, it is now clear that variation of performance of both materials, over the spectral region 320-860 rim, is quite small there being little difference in the F.O.M. at the two extremes. The approximately uniform spectral dependence of performance of these materials is, at first sight, Surprising since there are quite large variations in the optical constants and the magneto-optic Kerr effect, especially at short wavelengths, as can be seen in Figs. 3 and 4. However, it is the ratio F and the modulus of magneto-optic parameter [Q] that determine performance through Eq. (1) and, as may be deduced from Table 2 , these two parameters do not vary much with wavelength. The above conflicting conclusions, regarding spectral performance, illustrate the consequence of attaching too much importance to the parameter ]0k]V~-.
In order to demonstrate that the conclusions regarding the spectral variations of performance of Co/Pt and CoNi/Pt are correct, we have used the data of Table 2 to design trilayer systems [5] that maximize the Kerr rotation for zero associated ellipticity and a reflectance into an incident medium of 10%. This has been done for both materials at the extremes of the wavelength range, namely at 320 and 860 nm. The results of the optimum designs are given in Table 3 . Each system consists of three, precisely determined layers. First, the magnetic layer of thickness d 1, then a dielectric spacer layer of thickness d 2 followed by an opaque alum~nium reflector layer. The thickness of the aluminium layer (> 70 rim), being opaque to maximize its reflectance, does not affect the performance of the trilayer. With the film thicknesses given in Table 2 , the material will exhibit its optimum performance for the given reflectivity and design wavelength for the system. If the ]0k]fR parameter is now calculated using R = 0.1, and the optimized Kerr rotation from Table 3 , one sees that, relatively speaking, there is very little difference between the performance at long and short wavelengths as, predicted in Fig. 7 ! In fact, for the CoNi/Pt the best performance is ebserved at 860 nm.
On the basis of the measurements presented we may conclude that, in terms of magneto-optic readout using the polar Kerr effect, the Co/Pt material performs better than the CoNi/Pt. Likewise we may also conclude that the coercivities and squareness of the hysteresis loops of the CoNi/Pt system are to be preferred to those of Co/Pt particularly for thicker films. However, it should be noted that these conc]m sions are confined to these particular samples only.
It has been shown quite recently (Meng et al. [12] ) that the magneto-optic effect in CoNi/Pt can be optimised with respect to the thickness of the Pt sub-layer. Indeed, when this has been done it appears that the magneto-optic performance of the multilayer is then very similar to that, described here, for the Co/Pt system. This observation is also supported by recent, dynamic, in-situ magneto-optical studies of the growth of Pt and Co multiple layers on Pt buffer layers (Atkinson et al. [13, 14] ). Here evidence was seen of the decreasing magnitude of the magnetic polarisation of Pt atoms with distance from an interface with Co. It is therefore clear that the thickness of the Pt sub-layers is a very important factor in determining M.O. performance of the whole multilayer system. Both authors, above, concluded that, from a magneto-optical point of view, the optimum thickness for the platinum is between 0.6 and 0.7 nm. It is also worth pointing out that the rate of change in M.O. performance with platinum layer thickness is greatest at det = 1 nm [15]. Consequently, at this value of det small errors in the thickness of the platinum layers will have a large effect on the Kerr rotations and hence the Q-values of the medium. Furthermore, it should be noted that the magnetisation of the CoNi/Pt films is smaller than that within the Co/Pt. We have observed that reduced magnetisation within Co/Pt films is accompanied by small Kerr effects. Consequently, we may assume that where CoNi/Pt films can be produced with increased magnetisation the M.O. activity may be significantly larger than that reported here. In addition, the presence of the Ni in combination with the Co causes a modification to the magneto-optic behaviour of the whole system. In a future article we intend to report more fully on the optical and magneto-optical properties of CoNi alloy and its effect on the performance of the CoNi/Pt system. In contrast, the optical constants n and k of these materials are relatively insensitive to the sub-layer thicknesses, providing that these do not attain extreme values. Thus the n and k values reported here will, for practical purposes, be representative of most Co/Pt and CoNi/Pt multilayered media. In addition, in the case of Co/Pt this conclusion also extends to its alloys [16] and may very well therefore also apply to the alloys of CoNiPt.
We also note that magnetic parameters such as coercivity and hysteresis loop squareness, and their variation with thickness can be very dependent on type and condition of the substrate medium as well as on the deposition procedures. In this respect it is worth noting that in the course of fabricating several trilayer systems based on Co/Pt, and the designs given here, a sample was produced at the University of Salford that had a coercivity in excess of 2000 Oe. At the time of writing the cause of this very large coercivity has not been fully explored.
